Background: The neural system can finely tune immune system, especially pro-or anti-inflammatory responses of monocytes/macrophages. To maintain immune homeostasis, monocytes/macrophages are supposed to be primed by a7 nAChR agonist to establish anti-inflammatory memory. Aim: To study whether activation of a7 nAChR would elicit anti-inflammatory memory in splenic monocytes in vivo and J774 monocytes in vitro. Design: Laboratory study. Methods: The wildtype mice were sacrificed 4 or 12 h after receiving intravenous injection of GTS-21. The splenocytes were isolated and stimulated with LPS for 4 h to detect Ly6C hi TNF-a þ monocytes by flow cytometry. In the in vitro study, J774
Introduction
Monocytes/macrophages are on the front line of innate immune system and can be activated in response to the earliest stages of pathogens and injurious factors. This event results in yielding of proinflammatory cytokines, such as, tumor necrosis factor-a (TNF-a) to boost host defenses and fight against pathogens 1 . T-and B-lymphocytes are classically considered as adaptive immune memory-producing cells; however, recent studies have showed that monocytes/macrophages possess innate immune memory. [1] [2] [3] [4] The formation of innate immune memory is dependent on epigenetic remodeling (e.g. histone acetylation/deacetylation) and on rewiring of intracellular metabolic pathways. [2] [3] [4] Immunological and neurological regulation of monocytes/ macrophages is a crucial component of our host immune response. 4 Cholinergic anti-inflammatory pathway is critically important to prevent the excessive immune or proinflammatory responses. 5 For instance, activation of a7 nAChR in splenic monocytes/macrophages could lessen endotoxemia and sepsis. [6] [7] [8] [9] [10] One study has indicated that the suppressive effects of electrical stimulation of vagus nerve on TNF-a production persisted for 48 h after vagal stimulation. 11 Therefore, we aimed to study whether activation of a7 nAChR in monocytes elicited a persistent anti-inflammatory status or memory by epigenetic modification of histone and suppression of proinflammatory signaling pathways.
In this study, we found that In vivo-GTS-21-primed splenic Ly6C hi monocytes conferred anti-inflammatory feature when isolated and stimulated with LPS stimulation in vitro. GTS-21-priming in monocytes induced histone deacetylation and suppression of NF-kB by reducing histone acetylase factor (PCAF) and transcriptional co-activating factors (CBP and Acetyl-CBP), and activity of transcription of NF-kB. The findings will provide us novel therapeutic target for combating inflammatory diseases.
Materials and methods

Animals
a7 nAChR knockout mice (Chrna7 À/À , B6.129S7-Chrna7tm1Bay/J, background was C57BL/6J, Stock number: 003232) were purchased from the Jackson Laboratory (Bar Harbor, ME). Littermate wildtype mice were used as controls. The mice were housed in groups with 12-h dark/light cycles and with free access to food and water. Eight to ten-week-old male wildtype and Chrna7 À/ À mice were used for the experiments. Anesthesia was induced with an intraperitoneal (ip) injection of pentobarbital sodium (50 mg/kg). MTT assay protocol 100 ml of cell suspension was added to each well in a 96-well microplate using serial dilution. The plate was incubated for 48 h. 10 ml MTT was added to each well (final concentration of MTT 0.45 mg/ml). The plate was incubated for 2 h at 37 C. 100 ml solution of solubilization was added to each well to dissolve formazan crystals. After complete solubilization, absorbance was measured at 570 nm. 
Animal ethics
Reagents GTS-21 (3-[(3E)-3-[(2,4-dimethoxyphenyl)methylidene]-5,6-dihy- dro-4H-pyridin-2-yl]pyridine)
Preparation of splenocytes
The mice were sacrificed by cervical dislocation and spleens were removed. For preparing single cells, spleens were removed and grounded in a 70 lm cell strainer. Erythrocytes were lysed. 12 For preparing blood leukocytes, we utilized BD Pharm LyseLysing Buffer (BD Biosciences, San Jose, CA) to lyse erythrocytes.
Flow cytometric analysis
After unspecific staining was minimized through preincubation for 15 min with anti-mouse CD16/32 antibodies, J774 cells and splenocytes were labeled with primary or isotype antibodies. Isotype antibody and unstained controls were used to demonstrate specificity of staining and to establish the criteria for flow cytometry populations (For simplicity, data are not presented regarding these controls). The data Fluorescent cells were analyzed after excluding debris and aggregates with LSRFortessa (BD Biosciences, San Jose, CA). Data were analyzed by Flowjo 7.6 software (Tree Star Inc. Ashland, OR).
Quantitative real-time PCR
Total RNA was extracted from whole cells using TRIzol reagent (Invitrogen, Carlsbad, CA) following the instructions of the manufacturer. cDNA was synthesized using a reverse transcriptase kit (TaKaRa, Beijing, China), followed by quantitative RT-PCR analysis (SYBR Green, TaKaRa, Beijing, China 
Western blotting analysis
As previously described, 14,15 the spleen cells were lysed and protein concentrations were determined using BCA Protein Assay Kit. Denatured proteins were equally loaded and run on a 10% gradient Bis-Tris gel (Invitrogen, Carlsbad, CA). The proteins were resolved by electrophoresis, transferred to a PVDF membrane, hybridized with indicated primary antibodies and corresponding HRP-labeled secondary antibodies, and visualized using Western ECL Substrate Kit.
Measurements of TNF-a level by ELISA
TNF-a in the media was measured by ELISA kit.
Statistical analysis
Statistics were done by GraphPad Prism software (GraphPad, San Diego, CA). A Student's t test was used (significance level set at P < 0.05). The results are shown as mean 6 SD.
Results
Activation of a7 nAChR by GTS-21 suppresses TNF-a production in splenic Ly6C hi monocytes
To demonstrate whether activation of a7 nAChR by GTS-21 could suppress TNF-a production in splenic Ly6C hi monocytes, we isolated Chrna7 þ/þ and Chrna7 À/À splenocytes. The cells were pretreated with either PBS or GTS-21 (10, 25, 50 and 100 lM respectively) for 1 h and then stimulated with LPS (50 ng/ml) for 4 h ( Figure 1A) . Afterwards, the cells were suspended by EDTA and labeled with corresponding fluorescent antibodies to detect expression of TNF-a in Ly6C hi monocytes.
We found that activation of a7 nAChR by GTS-21 dose-dependently reduce TNF-a production in splenic Ly6C hi monocytes in LPS-challenged Chrna7 þ/þ splenocytes; in contrast, activation of a7 nAChR by GTS-21 did not alter TNF-a production in splenic Ly6C hi monocytes in LPS-challenged Chrna7 À/À splenocytes ( Figure 1B ). These findings support that activation of a7 nAChR in splenic monocytes lessens production of proinflammatory cytokines.
In vivo-GTS-21-primed splenic Ly6C hi monocytes convey
anti-inflammatory feature in vitro
To study whether in vivo primed splenic monocytes possess anti-inflammatory feature, we intravenously injected wildtype mice with either PBS or GTS-21 (8.5 mg/kg). 4 h later, splenocytes were isolated and then stimulated with LPS (50 ng/ml) for 4 h. The cells were suspended by EDTA and labeled with corresponding fluorescent antibodies to detect expression of TNF-a in Ly6C hi monocytes. We found that Ly6C hi TNF-a þ monocytes in GTS-21 treated group were decreased compared with PBS treated group (Figure 2A ). To study whether anti-inflammatory trait in the in vivo GTS-21 primed splenic monocytes could last longer, we intravenously injected wildtype mice with either PBS or GTS-21 (5 mg/kg) and isolated splenocytes 12 h. The cells were stimulated with LPS (50 ng/ml) for 4 h. The cells were suspended by EDTA and labeled with corresponding fluorescent antibodies to detect expression of TNF-a in Ly6C hi monocytes.
We found that Ly6C hi TNF-a þ monocytes in GTS-21 treated group were decreased compared with PBS treated group ( Figure 2B ). These findings further support that antiinflammatory feature persists in the in vivo-GTS-21-primed splenic Ly6C hi monocytes.
Activation of a7 nAChR by GTS-21 elicits antiinflammatory memory in LPS-challenged monocytes
Using priming-reposing-challenging strategies showed in Figure  3A , we checked the cell viability in GTS-21-primed J774 cells at 12 h by MTT assay. We found that cell viability was not affected when concentration of GTS-21 was increased ( Figure 3B ). To study whether priming time affect inhibition of Tnfa mRNA, we primed J774 cells with GTS-21 for 2 or 12 h, washed GTS-21 out and reposed cells for 4 h, and then challenged the cells with LPS for 4 h. We found that 12 h of priming with GTS-21 was more potent than 2 h to reduce Tnfa mRNA in LPS-challenged monocytes ( Figure 3C ). To test whether reposing time influence suppression of Tnfa mRNA, we primed J774 cells with GTS-21 for 12 h, washed GTS-21 out and reposed the cells for 4, 12, 24 and 48 h, and then challenged the cells with LPS for 4 h. We found that inhibition of Tnfa mRNA in GTS-21-priming monocytes was reduced when reposing time extended. The inhibitory effect of GTS-21 priming on Tnfa mRNA could last more than 12 h ( Figure  3D ). These findings suggested that anti-inflammatory feature induced a7 nAChR activation could persist in LPS-challenged monocytes.
Effect of different TLR ligands on anti-inflammatory memory in monocytes primed by GTS-21
To test whether activation of a7 nAChR could induce antiinflammatory memory in response to different TLR ligands in monocytes, we applied (priming) 12 h-(reposing) 4 h-(challenging) 4 h experiment design. The monocytes were challenged with LPS, Poly I:C, or R848 respectively after priming with GTS-21 (at concentration 0, 10, 50, 100 mM), washing and reposing. Supernatants of the media were collected to measure TNF-a level by ELISA 4 h later. The cells were collected to extract RNA for analyzing Tnfa and Il1b mRNA by qPCR. We found that LPS (TLR4 agonist), Poly: IC (TLR3 ligand), and R848 (TLR7/8 ligand) could increase TNF-a protein level and Tnfa and Il1b mRNA. Priming with GTS-21 reduced TNF-a protein level and Tnfa and Il1b mRNA in LPSchallenged monocytes ( Figure 4A-C) ; Priming with GTS-21 reduced TNF-a protein level and Tnfa and Il1b mRNA in Poly:IC-challenged monocytes ( Figure 4D-F) ; Priming with GTS-21 reduced TNF-a protein level and Il1b mRNA in R848-challenged monocytes ( Figure 4G-I ). These findings suggested that anti-inflammatory features can be induced in a7 nAChR-activated monocytes in response to different TLR ligands. 
Reduction of H3K9ac, H4K5ac and H4K8ac in GTS-21-primed and reposed monocytes
Histone acetylation/deacetylation plays an important role in regulating memory and cognition in brain. [16] [17] [18] To study the change of histone deacetylation in GTS-21-primed and reposed monocytes, we primed J774 cells with either PBS or GTS-21 (50 and 100 mM) for 12 h. The cells being collected 12 h after priming with GTS-21 without resting were set as group 12-0; The cells primed with GTS-21 for 12 h, washed GTS-21 out, and reposed for 4 h were set as group 12-4. The cells were labeled with fluorescent anti-H3K9ac, H4K5ac and H4K8ac antibodies. We found that H3K9ac, H4K5ac and H4K8ac were not changed in GTS-21-primed group compared with PBS-treated group at 12-0 condition; however, H3K9ac, H4K5ac and H4K8ac were reduced in GTS-21-primed group (50 and 100 mM) compared with PBSprimed group at 12-4 condition ( Figure 5A-C) . These findings support that activation of a7 nAChR by GTS-21 induces histone deacetylation, which might contribute to formation of antiinflammatory memory.
Activation of a7 nAChR downregulates proinflammatory signaling molecules and induces anti-inflammatory memory
The J774 cells were divided into following groups: 12-0, primed with either PBS or GTS-21 for 12 h and washed GTS-21 out with PBS; 12-4, primed with GTS-21 for 12 h, washed GTS-21 out with PBS, and incubated for 4 h; 12-0-4, primed with either PBS or GTS-21 for 12 h, washed GTS-21 out with PBS, and then stimulated with LPS for 4 h; 12-4-4, primed with GTS-21 for 12 h, washed GTS-21 out with PBS, incubated the cells for 4 h and received LPS for 4 h. The cells were harvested to separate cytoplasm and nucleus for western blotting. HDAC4 governs a transcriptional program which is essential for synaptic plasticity and memory. 19 Presence of histone acetyltransferase (HAT) activity, which endows p300/CBP with the capacity to influence chromatin activity by modulating nucleosomal histones. 20 Inhibition of STAT3 phosphorylation mimicked the a 7nAChR signaling, inhibiting NF-kB and cytokine production in macrophages. 21 As Figure 6A shown, we found that in the cytoplasm, p-HDAC4 was increased in 12-4 GTS-21 primed group compared with 12-0 PBS and 12-0 GTS-21-primed group. Under LPS stimulation, p-HDAC4 in 12-0-4 and 12-4-4 GTS-21 primed group was higher compared with 12-0-4 PBSprimed group. p-STAT3 in 12-4-4 GTS-21 primed group was lower compared with 12-0-4 GTS-21-primed group. In the nucleus, Acetyl-CBP, CBP, PCAF, and Acetyl-NF-kB were decreased in 12-0 and 12-4 GTS-21 primed group compared with 12-0 PBS primed group. Under LPS challenge, in the nucleus, PCAF, Acetyl-NF-kB, p-NF-kB, and p-STAT3 were decreased in 12-0-4 and 12-4-4 GTS-21 primed group compared with 12-0-4 PBS primed group. Using the same experimental conditions as Figure 6A , we collected supernatant of media to measure TNF-a by ELISA and harvested cells to measure Il1b and Il6 at mRNA levels by realtime PCR. We found that cytokines in 12-0-4 PBS-primed condition did not differ from 12-0 PBS-primed without LPSstimulation, suggesting that cytokines were not affected by PBS washing and extension of 4 h. In 12-0-4 condition, LPSstimulation increased all cytokines which were attenuated by priming with GTS-21 ( Figure 6B and C) . In 12-4-4 condition, LPSstimulation induced cytokine levels were increased, but the levels of cytokines not different from LPS-stimulated 12-0-4 condition. All cytokines in GTS-21-primed LPS-stimulated 12-4-4 condition were reduced compared with PBS-primed LPS-stimulated 12-4-4 condition ( Figure 6B and C). These findings indicate that activation of a7 nAChR in J774 monocytes triggers antiinflammatory memory which persists at least for 4 h.
Discussion
In this study, we found that the in vivo a7 nAChR agonist (GTS-21)-primed splenic Ly6C hi monocytes produced less TNF-a when these cells were stimulated with LPS in vitro. J774 monocytes primed GTS-21 had a lower of TNF-a productivity in response to challenges of LPS (TLR4 ligand), Poly:IC (TLR3 ligand) and R848 (TLR7/8 ligand) even 12 h after the cells were abstained from GTS-21. J774 monocytes primed with GTS-21 led to reduction of H3K9ac, H4K5ac and H4K8ac. In the nucleus extract, PCAF, Acetyl-NF-kB p65, p-NF-kB p65, and p-STAT3 were decreased in LPS-stimulated GTS-21 primed J774 monocytes 4 h after washing GTS-21 out. The findings support that activation of a7 nAChR confers anti-proinflammatory memory to monocytes. GTS-21 [3-(2,4-dimethoxybenzylidene) anabaseine] is a selective a7 nAChR agonist. GTS-21 inhibited TNF-a production in endotoxin-stimulated primary human monocytes. 22, 23 In humans, high dose of GTS-21 (150 mg/ml, orally three times a day) has been tested to be safe. 24 The highest blood concentration of GTS-21 was found at 1 h and cleared after 5 h. Elevated plasma concentration of GTS-21 was significantly correlated with lower proinflammatory cytokine levels (TNF-a, IL-1b and IL-6). 24 In our in vivo study, GTS-21-primed splenic Ly6C hi monocytes produced less TNF-a when stimulated with LPS in vitro.
Considering quick clearance of GTS-21 from blood stream and in vitro culture of splenocytes with GTS-21 out for 4 h, we conclude that in vivo a7 nAChR agonist (GTS-21)-priming confers property to splenic Ly6C hi monocytes in suppressing production of TNF-a, and this activity can last for a period of time. Rosas-Ballina et al. 23 reported that administration of GTS-21
in vivo decreased TNF levels in endotoxin-stimulated whole blood obtained from patients with severe sepsis. Pavlov et al. 25 found that GTS-21 (4 mg/kg) ip before intraperitoneal challenge Figure 6A . At designated time point, the media was collected for measuring TNF-a (B) by ELISA and cells were harvested to extract RNA for detecting Il1b (C) and Il6 (D) at mRNA levels by real-time PCR. **P < 0.01, *P < 0.05 in compared groups.
n ¼ 3 in each group. Values are mean 6 SD.
with LPS significantly inhibited serum TNF in a mouse model of endotoxemia and improved survival. In this study, we just collected splenocytes in a mouse model after priming with GTS-21 4 or 12 h and examined whether monocyte population in splenocytes possessed anti-inflammatory memory in vitro. The animals were not challenged with LPS and therefore we did not detect cytokines in the peripheral blood. Considering that 4OH-GTS-21, a GTS-21 metabolite, could activate a7 nAChR, 26 we cannot rule out the role of 4OH-GTS-21 in mediating formation of anti-inflammatory memory during GTS-21 incubation. Epigenetic information stored in macrophage nucleasome affects the response to subsequent microbe encounters.
27 a7
nAChR-mediated histone deacetylation and reduction of activity of proinflammatory transcription factors: NF-kB and STAT3 remodel response of monocytes to TLR agonists. This antiinflammatory information was encoded in the nucleasome of a7 nAChR-activated monocytes. It can be retrieved when the monocytes are stimulated with TLR ligands. Chromatin modifications, especially histone-tail acetylation, have been implicated in memory formation in brain. 16, 17, 28 Histone deacetylation facilitates formation of corepressor complex, thereby causing gene silencing. Histone acetylation promotes coactivator complex which allows gene transcription. 29 We found that activation of a7 nAChR increased p-HDAC4 and decreased CPB, acetyl-CPB, and PCAF, these events might contribute to reduction of H3K9ac, H4K5ac and H4K8ac. It is reported that acetylation of lys310 NF-kB by p300/CBP is required for the full transactivational activity of NF-kB. 30, 31 In the nuclear extract from GTS-21-primed cells, Acetyl-NF-kB p65 (lys310) and p-NF-kB p65 were decreased. Therefore, the increase of histone deacetylation and suppression of NF-kB p65 activity might result in transcriptional silencing of proinflammatory cytokines. Taken together, activation of a7 nAChR in monocytes epigenetically increases histone deacetylation and inhibits NF-kB p65 activity by which silencing transcription of proinflammatory cytokine genes. These genetic changes are encoded in nucleasome and demonstrate anti-inflammatory trait when a7 nAChR-activated monocytes encounter with TLR agonists. Physiologically, higher excitability of vagus nerve or acetylcholine priming before inflammatory or injurious insults might promote host innate immune memory in monocytes/macrophages in order to avoid excessive proinflammatory responses.
